ABSTRACT Our objective was to evaluate the application of polyoxyethylene homopolymers in buccal bioadhesive drug (BBD) delivery device formulations. The bioadhesive strength of four different molecular weight (MW) polyoxyethylene polymers was measured by Instronâ tensile tester using glass plate and bovine sublingual tissue as substrate surfaces. Several BBD device formulations containing polyoxyethylene polymer (MW 7,000,000) were prepared by direct compression and compression molding processes. The prepared BBD devices were evaluated for their elasticity, in vitro adhesion and drug release characteristics. The in vivo bioadhesion characteristics of a placebo compression molded device were examined in 3 adult healthy male beagle dogs. The bioadhesive strength of polyoxyethylene polymers appeared to be directly related to their molecular weights. When bovine sublingual mucosa or a glass plate was used as model mucosal substrate surface, the rank order of bioadhesive strength of different molecular weight polyoxyethylene polymers was similar. The bioadhesive strength of devices prepared by the compression molding process was greater than those prepared by direct compression, but the kinetics of drug release were independent of the process used for the preparation of the devices. The drug release and the bioadhesive strength of the similarly prepared device formulations appeared to be dependent on the drug:polymer ratios. The elasticity of the BBD devices prepared by compression molding was improved by the inclusion of polyisobutylene polymer in the formulations. When adhered to the oral cavity of the dogs, the compression molded placebo BBD device exhibited adhesion for at least 4 hours and appeared to show no signs of local irritation. In conclusion, BBD devices containing polyoxyethylene polymer (MW 7,000,000) can be prepared by direct compression or compression molding process in order to provide controlled drug release to the oral cavity while maintaining appropriate bioadhesive characteristics.
INTRODUCTION
The oral cavity is viewed as a convenient and easily accessible site for the delivery of therapeutic agents (1) . Within the oral cavity, drugs can be administered from the buccal gingiva or the sublingual space either for the treatment of local conditions (eg, thrush) or for the systemic treatment of diseases (eg, angina). The advances in bioadhesive and controlled release technology have stimulated a renewal of interest in the delivery of drugs to, or via, the buccal route (2) . Buccal bioadhesive drug (BBD) devices can now be designed to remain in contact with the oral mucosa while providing controlled release characteristics over a prolonged period of time. A combination of these two attributes can be achieved by the use of suitable bioadhesive materials (3) (4) (5) (6) . Appropriate materials for the bioadhesive drug delivery consist mainly of hydrogel-forming polymers (7, 8) . They have been called "wet" adhesives because they require moisture to exhibit the adhesive property (9) . This may be supplied by the saliva, which may also act as the dissolution medium. The various polymers considered suitable for the development of bioadhesive devices are cellulosic derivatives (methylcellulose, sodium carboxymethylcellulose, hydroxyethylcellulose, hydroxypropylcellulose, hydroxypropylmethylcellulose); natural gums (guar gum, karaya gum, xanthan gum, locust bean gum, veegum); sodium alginate; polyoxyethylenes; and polyacrylates (carbopol and polycarbophil) (10) (11) (12) .
Polyacrylic acid polymers have received considerable attention in the development of bioadhesive drug delivery systems (5) (6) (7) (8) (9) . The high concentration of carboxyl groups in a dry tablet of polyacrylic acid generates a low surface pH (between 2 and 3) on moistening (13) . A low pH would be expected to damage the contacting mucosal surface, and this has been reported in an in vivo study involving human volunteers (14) . Results of preliminary investigation in human volunteers on the use of polyoxyethylene as a nonirritating buccal bioadhesive polymer appear promising (14, 15 (16) . Limited research on the use of polyoxyethylene homopolymers for buccal bioadhesive drug device formulations has been accomplished. Moreover, thermoplastic properties associated with polyoxyethylene homopolymers, which could be utilized to make a flexible buccal patch by compression molding, has not been explored. The objective of this study was to evaluate polyoxyethylene homopolymers as a platform for BBD device formulations. Four polyoxyethylene polymers of different molecular weights ranging from 200,000 to 7,000,000 were selected for initial bioadhesive strength screening using glass plate and bovine sublingual mucosa as substrate surfaces. A highly water soluble (160 mg/mL @ 25 0 C) drug, chlorpheniramine maleate, was chosen as a model drug (17) . Direct compression and compression molding processes were evaluated for the preparation of BBD devices.
MATERIALS AND METHODS
Polyoxyethylene (Polyox®) and Polyethyleneglycol (CarbowaxÒ) were donated by Union Carbide (Danbury, CT). Polyisobutylene (VistanexÒ LM-MS-LC) was donated by Exxon (Atlanta, GA). Chlorpheniramine maleate USP was purchased from Spectrum (Gardena, CA). Anhydrous lactose was purchased from Sheffield Products (Norwich, NY).
Preparation of the Polymer Disks
Compressed disks of the polymers were prepared by direct compression in a Carver® (Carver Inc., Wabash, IN) press using the flat, 10-mm diameter punches, under a 1,000 kg force for 6 seconds. The mean (SD) thickness of all the prepared disks was in the range of 1.29 (0.17) mm.
Preparation of Chlorpheniramine Maleate BBD Devices
The buccal devices of 10-mm diameter were prepared using a Carver® press either by direct compression or the compression molding process. In former, a 100-mg mixture of polymer and drug was compressed using flat tablet punches and dies under a 1,000-kg force for 6 seconds. In the latter, sufficient amount of the mixture (drug, polymer, plasticizer, and/or elastomer polyisobutylene) was filled in a die of 1 mm thickness having a 5-cm internal diameter and a 6-cm external diameter. This mixture was then compressed under a 4,500-kg force between the two heated platens at 70 o C for 5 minutes. Disks of 10-mm diameter were then "cut" from the above compression-molded mixture with the help of a cork borer.
Bioadhesive Strength
A commercial bench-mounted vertical tensile/compression tester, Instron® 5569 (Instron Corp., Canton, MA), was used for the quantitative measurements of bioadhesive bond strength. The Instron® tester was directly controlled by the software Merlin® II, which provides full selfdiagnostic, calibration, and analog data recording capabilities. Samples were tested between the stationary lower compression platen mounted to the main frame of the machine and the upper compression anvil fixed via the load cell to the moving crosshead. The compressed disks of the polymers or BBD devices were glued using cyanoacrylate adhesive to the compression anvil. Either glass plate or bovine sublingual tissue obtained from Animal Biotech Industries (Danboro, PA) and stored at -20 o C was used as the model mucosal substrate surface. Before use, the tissue was thawed to room temperature in normal saline solution and then was cut to the dimensions of approximately 20 cm 2 surface. The substrate surface (bovine sublingual mucosa or a glass plate) was also fixed to the stationary base compression platen using cyanoacrylate adhesive. A constant volume of water was used to wet the above substrate surfaces (20 m L for the glass plate and 40 m L for the bovine tissue). The compressed disks were then adhered to the wet substrate by applying a constant force (1 N for glass plate and 5 N for the bovine tissue) with the help of Instron® for 5 minutes. The tensile test was then performed for adhesion strength characterization of the polymers by moving the compression anvil at a constant speed (0.2 mm/min for glass plate and 5 mm/min for bovine tissue). Data representing force as a function of displacement were obtained at 1-second intervals until the compressed disks were detached from the substrate surface (break point).
The maximum force required to initiate the detachment and area under the force-displacement curve was calculated for the quantification of the bioadhesive strength.
Elasticity Evaluation
The Instronâ tensile tester with a standard 3-mm diameter puncture probe-chuck assembly at a crosshead speed of 0.2 mm/min was used for the quantitative measurement of elasticity of the prepared devices. The elasticity of the device was characterized by measuring the maximum penetration force and corresponding displacement required by the probe to cause failure of the device.
Drug Release Kinetics
A standard USP dissolution apparatus I (Vankel Industries Inc., Edison, NJ) without the basket fixture was used to evaluate drug release kinetics from the prepared device formulations. In order to mimic the in vivo adhesion of the devices to the gum area, each prepared device was affixed to the bottom flat end of the stirring rod instead of the basket fixture. The wet adhesive properties of the bioadhesive devices were utilized to affix the prepared bioadhesive devices. The flat bottom surface of the rod was moistened with the deionized water. The devices were affixed onto this moistened surface by maintaining a gentle fingertip pressure for 5 minutes. Deionized water at 37 ± 0.5 o C was used as the dissolution medium, and the dissolution apparatus was operated at 100 rpm. Samples representing 10-mL aliquots were collected at predetermined time intervals and replaced with an equal volume of fresh dissolution medium. The samples were filtered through a 0.45-m m filter and then assayed for drug content using a Beckman DU-650 UV spectrometer (Vankel Industries Inc., Edison, NJ) at 261 nm.
Animal Studies
An experimental protocol was designed to evaluate bioadhesion characteristics of the prepared placebo BBD device formulation in three healthy adult male beagle dogs, 4 years of age, and having a weight in the range of 15 to 17 kg. This experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committee. Placebo device formulations were placed in the oral cavity of the dogs, on the gum adjacent to upper canine teeth. The devices were adhered to the gum area by maintaining gentle fingertip pressure for 1 minute. The oral cavity of each dog was examined every hour for possible dislocation of the adhered devices from the gum area. At the end of a 4-hour period, the devices were removed from each dog and the gum mucosa visually examined for any symptom of local skin irritation (redness or inflammation) that may have been caused by the device.
RESULTS AND DISCUSSION

Effect of Substrate Surfaces on Bioadhesive Strength
Bioadhesive strengths of four different molecular weight (MW) polyoxyethylene polymers, Polyox 80 (MW 200,000), Polyox 1105 (MW 900,000), Polyox 301 (MW 4,000,000), and Polyox 303 (MW 7,000,000) were determined using bovine sublingual tissue and glass plate as substrate surfaces. Preliminary studies using glass plate as substrate surface indicated that the optimal results of the bioadhesive strength measurements were obtained at 0.2 mm/min crosshead speed, 1 N pretest force, and 20 m L of the deionized water for wetting the substrate surface. Preliminary studies using bovine sublingual mucosa as substrate surface at 0.2 mm/min crosshead speed, 1 N pretest force, and 20 m L of the deionized water for wetting the substrate surface showed no apparent differences in the bioadhesive strength of the four different polyoxyethylene polymers. Further studies using bovine sublingual mucosa as substrate surface indicated that the optimal results of the bioadhesive strength measurements were obtained at 5.0 mm/min crosshead speed, 5 N pretest force, and 40 m L of the deionized water for wetting the substrate surface. Therefore, the bioadhesive strength determinations of polymers using bovine sublingual mucosa as substrate surface were conducted by employing 5.0 mm/min crosshead speed, 5 N pretest force, and 40 m L of deionized water. Figures 1 and 2 show the results of mean detachment force and energy evaluations using glass plate and bovine sublingual mucosa as the model substrate surfaces, respectively. The results indicated that irrespective of the model mucosal substrate used (glass plate or bovine sublingual tissue), mean detachment force and energy was increased significantly (P < 0.05) with increasing molecular weight of the polyoxyethylene polymer from molecular weight 200,000 to 4,000,000. No significant difference (P > 0.05) in the mean detachment force and energy was observed when the molecular weight of the polymer was increased from 4,000,000 to 7,000,000. Also, from both evaluations (glass plate and bovine sublingual tissue), the same rank order correlation of the polymer's bioadhesive strength was obtained, which could be arranged in descending rank order of their adhesiveness as follows:
For the same polymer, higher mean detachment force was obtained when glass plate was used as the model substrate surface in comparison to the bovine sublingual tissue (Figure 1) . However, higher mean detachment energy was obtained when bovine sublingual tissue was used as the model mucosal substrate in comparison to the glass plate (Figure 2 ). This could be due to the different elastic characteristics of the two-substrate surfaces. Because bovine sublingual tissue is highly elastic in nature in comparison to the glass plate, it stretches to the maximum in the beginning before the force is applied to break the adhesive bond. On the other hand, the surface of the glass plate is not elastic and does not stretch. Hence, the surface of the device is pulled as soon as force is applied, resulting in the breakage of adhesive bond. Bovine sublingual tissue stretched easily with the applied force; therefore, higher detachment energy and lower detachment force was obtained for bovine sublingual tissue in comparison to the glass plate. 
Formulation and In Vitro -In Vivo Evaluation
A high-molecular-weight polyoxyethylene polymer Polyox 303 showing good bioadhesive characteristic was chosen for the formulation of BBD device formulations. A highly water soluble (160 mg/mL @ 25 0 C) drug chlorpheniramine maleate, was chosen as a model drug. Direct compression and compression molding processes were evaluated for the preparation of the devices. Table 1 shows the concentrations of the polymers and drug used for the two formulations prepared by direct compression (DC) and five formulations prepared by the compression molding process (CM).
Elasticity Evaluation
The elasticity of the BBD devices was evaluated by measuring the maximum force required to puncture the device and the corresponding displacement at the maximum force. The results of this evaluation for the all the prepared device formulations are listed in Table 2 . The DC device formulations showed lower displacement values in comparison to CM device formulations and were expectedly brittle. The fracture of these devices was visually observed when the puncture was attempted. Higher force was required for fracturing the device formulation DC-1 than the formulation DC-2. The CM devices showed higher values of displacement in comparison to DC devices and did not appear to fracture when the puncture was attempted, indicating the elastic or plastic behavior. All values are expressed as mean ± SD, n = 3. DC, direct compression; CM, compression molding. The force required for puncturing the device formulation containing polyethyleneglycol (CM-4) did not appear to be different in comparison to the formulation containing no polyethyleneglycol (CM-3). Similarly, the force required for puncturing the placebo device formulation containing anhydrous lactose (CM-Placebo) did not appear to be different in comparison to the formulation containing drug chlorpheniramine maleate (CM-7).
The device formulations containing no polyisobutylene (CM-3 and CM-4) showed significantly higher values of the force required to puncture the device in comparison to the formulations containing polyisobutylene (CM-5, CM-6, and CM-7). The force required to puncture the device for formulations CM-5, CM-6, and CM-7 decreased as polyisobutylene concentration increased from 5 to 30% w/w. Polyisobutylene, a commonly used elastomeric polymer in chewing gum formulations (18) (19) (20) (21) (22) , appeared to improve the elasticity of the CM device formulations.
Bioadhesive Strength Evaluation
The bioadhesive strength of all the prepared formulations was characterized with the Instronâ tensile tester using a glass plate as the model mucosal substrate surface. AftachÒ was included in this study for the purpose of the comparison. AftachÒ is a commercial mucosal adhesive tablet of triamcinolone acetonide developed for the treatment of aptha (23) . It utilizes a mixture of hydroxypropyl cellulose and carbopol in order to provide appropriate adhesion property to the oral mucous membrane and to control drug release from the tablet. The results of this evaluation are summarized in Table 3 . In general, the bioadhesive strength of similarly prepared formulations was directly proportional to their polyoxyethylene polymer concentrations. Formulations CM-5 and CM-6, containing higher concentrations of the polymer, showed higher detachment forces and energies in comparison to formulation CM-7. Similarly, formulation DC-1, containing higher concentrations of the polymer, showed higher detachment force and energy in comparison to formulation DC-2.
The bioadhesive strength of the formulations containing similar drug and polymer concentrations but prepared by compression molding appeared to show higher detachment force and energy in comparison to the formulations prepared by direct compression. Formulation CM-3, containing similar drug and polymer concentrations, showed higher detachment force and energy in comparison to formulation DC-1. Similarly, formulation CM-7, containing similar drug and polymer concentrations, showed higher detachment force and energy in comparison to formulation DC-2. The apparent increase in the bioadhesive strength of the CM devices could probably be explained by the compression molding process, which plasticizes the polymer and may affect the physical characteristics (such as hydration and plastic/elastic nature) of the devices.
The bioadhesive strength of CM-Placebo formulation (30% w/w anhydrous lactose and 30% w/w Polyox 303) was lower than the CM-7 formulation (30% w/w drug and 30% w/w Polyox 303), probably because of the different solubilities of anhydrous lactose and the drug. However, the bioadhesive strength of all the prepared device formulations was higher in comparison to the commercial preparation AftachÒ .
Drug Release Kinetics
The release kinetics of the drug appeared to be independent of the process used for preparation of the devices. Figure 3 shows percentage of drug released as a function of time for the formulations DC-1 and CM-3 containing similar concentrations of drug and polymer. Drug-release profiles of the formulations DC-1 and CM-3, prepared by direct compression and compression molding, respectively, appeared to be similar. Approximately 80% of the drug was released in 5.5 hours. Some differences in the dissolution profile were observed after 6 hours, where rate of release was higher for the device formulation CM-3 in comparison to the DC-1 formulation. Figure 4 shows percentage of drug released versus time for the formulations DC-2 and CM-7 containing similar concentrations of drug, polymer, elastomer, and plasticizer. Drug-release profiles of these two formulations prepared by direct compression and compression molding, respectively, also appeared to be similar. However, less than 60% of the drug was released from these devices in 5.5 hours. No further increase in the percentage of drug released was observed for these formulations up until 12 hours. Formulations DC-2 and CM-7 contained 30% w/w of the elastomer polyisobutylene, which is commonly used as a chewing gum base. The inability of these formulations to release the remaining 40% drug is similar to those observed with chewing gum formulations (24, 25) .
Drug-release kinetics of the four device formulations prepared by compression molding are shown in Figure 5 . The results of this evaluation indicated that drug-release kinetics depend on the complex interplay between the polymer (Polyox 303), elastomer (polyisobutylene), and plasticizer (polyethyleneglycol) concentrations. 
In Vivo Adhesion Characteristics
The in vivo adhesion characteristics of the placebo compression molded device formulation containing 30% w/w Polyox 303 were evaluated in three adult healthy male beagle dogs. The results exhibited a reasonably good adhesion of the device in the oral cavity of dogs for at least 4 hours as no dislocation of the device was observed during this period. At the end of 4-hour experiment, the devices were removed and mucosal tissue underneath the device visually examined. The placebo device appeared to be well tolerated by all three dogs, and no signs of local irritation or untoward effect of the device on oral mucosa was observed.
CONCLUSION
The bioadhesive strength of polyoxyethylene polymers increased with increasing polymer molecular weights, exhibiting a direct relationship between bioadhesive strength and molecular weight. When bovine sublingual mucosa or glass plate was used as the model mucosal substrate surface, similar rank order of polymer bioadhesive strength was observed, indicating that the glass plate provides a suitable model for the evaluation of the BBD device formulations. The bioadhesive strength of BBD devices prepared by compression molding was greater than those prepared by direct compression, but the kinetics of drug release appeared to be independent of the process used for the preparation of the devices. Elasticity of the BBD devices prepared by compression molding was improved by the inclusion of polyisobutylene polymer in the formulations. A placebo BBD device prepared by compression molding exhibited adhesion for at least 4 hours and appeared to show no signs of local irritation in the oral cavity of dogs.
In conclusion, the BBD devices containing polyoxyethylene polymer (MW 7,000,000) can be prepared by compression molding or direct compression in order to provide controlled drug release to the oral cavity while maintaining appropriate bioadhesive characteristics.
